The uneven distribution of species richness is a fundamental and unexplained pattern of vertebrate biodiversity. Although species richness in groups like mammals, birds, or teleost fishes is often attributed to accelerated cladogenesis, we lack a quantitative conceptual framework for identifying and comparing the exceptional changes of tempo in vertebrate evolutionary history. We develop MEDUSA, a stepwise approach based upon the Akaike information criterion for detecting multiple shifts in birth and death rates on an incompletely resolved phylogeny. We apply MEDUSA incompletely to a diversity tree summarizing both evolutionary relationships and species richness of 44 major clades of jawed vertebrates. We identify 9 major changes in the tempo of gnathostome diversification; the most significant of these lies at the base of a clade that includes most of the coral-reef associated fishes as well as cichlids and perches. Rate increases also underlie several well recognized tetrapod radiations, including most modern birds, lizards and snakes, ostariophysan fishes, and most eutherian mammals. In addition, we find that large sections of the vertebrate tree exhibit nearly equal rates of origination and extinction, providing some of the first evidence from molecular data for the importance of faunal turnover in shaping biodiversity. Together, these results reveal living vertebrate biodiversity to be the product of volatile turnover punctuated by 6 accelerations responsible for >85% of all species as well as 3 slowdowns that have produced ''living fossils.'' In addition, by revealing the timing of the exceptional pulses of vertebrate diversification as well as the clades that experience them, our diversity tree provides a framework for evaluating particular causal hypotheses of vertebrate radiations.
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evolutionary radiation ͉ macroevolution ͉ phylogeny T he extremes of vertebrate richness have long fascinated evolutionary biologists (1, 2) . Species richness of some groups, like teleosts, ostariophysans, birds, mammals, and frogs, is often attributed to accelerated diversification accompanying ecological adaptive radiation or the acquisition of key innovations (3). In contrast, the evolutionary stasis exhibited by many representatives of the sparest branches, such as tuataras, coelacanths, and the bowfin, has been attributed in part to historically low rates of cladogenesis (4, 5) . However, the hypothesis that differential diversification rates explain vertebrate biodiversity has rarely been tested. It is possible that, with regard to species richness, some or many of the classic vertebrate radiations might not be exceptional at all. This is because simple models of lineage origination and extinction are expected to produce clades of varying sizes (6) . Testing hypotheses about diversification rate at broad phylogenetic scales is challenging for at least 2 reasons. First, most comparative studies of diversity focus on patterns within major clades rather than across them (7) (8) (9) . Second, most current diversification methods perform best with reasonably well sampled phylogenies, and we are still unable to produce and manipulate densely sampled trees with tens of thousands of tips.
Comparative methods like SymmeTREE (10, 11) are an exception to some degree, because they can deal with missing taxa through random resolution of tip clades. However, this approach quickly becomes impractical as the number of unsampled taxa grows.
Here, we analyze a phylogenetic dataset with exemplars of 47 major vertebrate lineages using a comparative method that integrates both phylogenetic and taxonomic information to ask two general questions about the patterns of diversification across the vertebrate tree of life: (i) What is the background tempo of vertebrate diversification; and (ii) which, if any, vertebrate lineages have patterns of extant richness that are too species-rich or -poor to be outcomes of the background diversification rate?
Results
The diversity tree ( Fig. 1) , based on divergence time analysis of RAG1 sequence data for 217 jawed vertebrates [gnathostomes; supporting information (SI) Fig. S1-S2 , SI Text, Tables S1-S7] summarizes phylogenetic and taxonomic information to reveal both the timing of major phylogenetic splits and the average rate of diversification within unresolved lineages. Many gnathostome clades have relatively recent origins, with the 6 most species-rich stem lineages originating in the last 300 million years (Myr) and the top two, modern birds (Neoaves; 9,191 species) and percomorph fishes (Percomorpha; 15,493 species) appearing within the last 175 Myr (Fig. 1) .
We tested whether simple models of diversification were good explanations of species richness patterns in living vertebrates using 2 models: a pure-birth (PB) model with one parameter, b, representing the per-lineage rate of speciation; and a birth-death model (BD) with 2 parameters, b and d, representing per-lineage rates of speciation and extinction, respectively (12, 13) . The PB model produced a low average rate of diversification for vertebrates (b ϭ 0.059 lineages per Myr, lnL ϭ Ϫ768.5), which poorly explained the standing diversity of extant clades: almost all of the 47 lineages in our study have either too many or too few species, given their age, to be plausible outcomes under this model. Using a BD model, we estimated high rates of both speciation and extinction (b ϭ 5.05, d ϭ 5.04, lnL ϭ Ϫ611.6). This model showed a substantially better fit to the data compared with the PB model (likelihood ratio test, ⌬ ϭ 313.8, P ϭ 3 ϫ 10 Ϫ70 ). The BD model fit more of the young species-rich stem lineages but offers little improvement in the prediction of low diversity lineages.
To test whether any of the branches of the vertebrate diversity tree led to clades of exceptional species richness given the general BD model, we applied a new comparative method called Modeling Evolutionary Diversification Using Stepwise Akaike Information Criterion (AIC) (MEDUSA; see Methods and Materials). We report two main results. First, the background tempo of diversification for large sections of the gnathostome tree of life is characterized by a low overall net rate (r ϭ 0.010 lineages/Myr) but also high turnover where the death rate is 99% of the birth rate (Fig. 1) . Second, we found 9 periods in vertebrate history where the tempo of diversification changes. The most significant of these are in a subclade of spiny-rayed fishes that we refer to as ''percomorphs.'' This group contains over half of the total diversity of teleosts, including most of the coral-reef-associated fish families as well as freshwater clades like cichlids and perches. We found rate increases leading to 5 other clades as well: most modern birds (Neoaves), 2 large clades of fish (Euteleostei and Ostariophysi), eutherian mammals excluding sloths, anteaters, and related lineages (Boreoeutheria), and non-geckkonid squamates. We also detected 3 significant rate decreases on branches leading to coelacanths (Latimeridae) ϩ lungfishes (Dipnoi), crocodylians, and tuataras (Sphenodon).
Discussion
Vertebrate biologists have long held intuitions that the spectacular diversity of many tetrapod groups (teleosts, mammals, birds, and frogs) deserves special explanation. Our method provides a framework for quantitatively testing whether these longrecognized groups really are unexpectedly species rich or poor given their age. In addition, by clarifying the phylogenetic position, magnitude, and the timing of shifts in diversification, analysis with MEDUSA provides a framework for evaluating causal links to diversity. For example, several traits, including hair, mammary glands, and molar characters (14) , have been cited as key innovations to explain mammals species richness. Our analysis suggests that an event or series of events within boreoeutherians may be a better explanation for this pattern ( Fig. 1 , rate shift 7), although the difference in AIC score between placing rate shift 7 on boreoeutherians vs. all mammals does not reject traditional key innovation hypotheses outright (⌬AIC boreoeutherians vs. all mammals Ϸ3). Similarly, although feathers are cited as a key innovation to explain the radiation of birds (15), our analysis ( Fig. 1 , rate shift 4) weakly favors the hypothesis that their biodiversity arose from one or more pulses of diversification within the Neoaves (⌬AIC Neoaves vs. all birds Ϸ1).
Our analysis also suggests that frogs may not represent an exceptional vertebrate radiation, at least with regard to their overall species diversity. Allowing a rate shift on anurans does marginally improve the AIC score (SI Text), but this improvement is below 4, the threshold level for moderate support (16) . This means that the observed species richness of anurans (Ϸ5,500 species) is not much higher than would be expected given the age of their split from salamanders and the background rate of vertebrate diversification. This is not to say that anuran subclades have not diversified especially quickly, or that there have not been periods of rapid anuran cladogenesis (9) but rather that over broad time scales, we should sometimes expect to see large clades produced by a BD process.
One limitation of our approach is that rate shifts cannot be assigned below the level of phylogenetic resolution. For example, the rate shift along the branch leading to Neoaves (Fig. 1, shift  4 ) might be driven by rapid diversification of perching birds or song birds (or one or more subclades within these groups) rather explosive diversification of Neoaves at large. A related point is that the lack of a rate shift along a branch leading to an unresolved part of the phylogeny does not necessarily imply that subclades within that group have not experienced exceptionally rapid or slow diversification. For example, although the species richness of anurans is not exceptional given their stem age, it is possible that the diversification rate of crown neobatrachians (not examined here because of insufficient taxonomic sampling), which originate well after crown anurans (9) and contain Ͼ96% of the species richness of living frogs, could be significantly faster than the background vertebrate rate. Improved sampling of any particular large-scale phylogeny will provide greater power for MEDUSA to more precisely locate diversification rate shifts. We suggest that our method provides one avenue for testing broadscale macroevolutionary hypotheses, with 2 caveats: (i) rate changes in unresolved parts of the tree might be more tipward than they appear, and (ii) MEDUSA cannot detect the presence or absence of rates shifts within unresolved parts of the tree. At the scale of relationships among major gnathostome lineages, our study reveals that Ϸ85% of all living vertebrates have their origins in clades with faster-than-average diversification rates. This highlights the importance of rate shifts in shaping biodiversity, an idea suggested by Simpson (17) .
The other main deviations from our constant-rate model are the prototypical ''living fossil'' lineages, old lineages with few extant species (17, 18) . In our study, 3 living fossil lineages are notable for both their low rate of speciation and extremely low rates of extinction. These groups stand out in stark contrast to the rest of the vertebrate tree, which is characterized by high rates of both speciation and extinction (Fig. 2) . This highlights one of the key challenges presented by living fossils to molecularbased studies of extant diversity: although young species-rich groups can be explained by a transient increase in net diversification rates for a relatively short period, older species-poor groups require negligible rates of both speciation and extinction over tremendously long periods of time to explain their persistence (4, 8, (19) (20) (21) . We note that all 3 slowly evolving lineages were historically more diverse than they are today (22) (23) (24) , and that our model is not able to make use of this information. For example, halecomorph fishes (of which the bowfin Amia calva is the only surviving member) were a very diverse group during most of the late Mesozoic and into the Paleogene. The family Amiidae, one of 3 major halecomorph lineages, contained at least 27 species during this time and declined rapidly after the Paleogene (25) . The true evolutionary history of halcomorphs might thus have involved one or more bouts of increased rates of cladogenesis and extinction. Because MEDUSA does not incorporate any fossil data when fitting rates to explain the standing diversity of halecomorphs, these historical patterns of diversification cannot presently be recovered by our method. Instead, we attempt to find the best BD process that will result in the standing diversity of living halecomorphs (one species) given the age of this lineage. Further development of methods that integrate fossil data with molecular phylogenies (26) will be needed to more thoroughly capture historical dynamics and develop a holistic view of vertebrate diversification.
After our model accommodates exceptionally diversifying clades by assigning them lineage-specific birth and death rates, we find a highly volatile background of vertebrate diversification (b ϭ 0.37, d ϭ 0.36; Fig. 2) . Turnover has been shown to play an important role in shaping patterns of fossil diversity in large vertebrate clades [e.g., mammals (5, 27) ]. However, although it is theoretically possible to detect extinction rates from molecular phylogenies alone (28) , simulation studies on relatively small phylogenies (tens to hundreds of taxa) suggest these estimates have high variance (29) . In contrast, our analysis, which captures major diversification events that lead to the evolution of tens of thousands of species, recovers a relatively sharp likelihood surface for estimates of the composite parameters b-d and d/b (Fig. 2) . In the context of our BD model, this evidence for turnover comes from the simultaneous presence of young species-rich groups (which can be formed only by high birth rates) and old species-poor groups (whose richness has been depleted by extinction) on the phylogeny. We suggest that integrating taxonomic richness data with phylogenetic trees can provide the phylogenetic breadth needed to detect turnover rates, and that this is far more challenging at local scales for trees with ''only'' hundreds of tip species. Improvement to our birth and death estimates might be gained by extending our models to accommodate the observation that diversification in many higher level taxa appears to slow with time (30) .
Broad-scale macroevolutionary hypotheses about lineage diversification are often challenging to test. Here, we present a general approach that allows for the integration of taxonomic data that has been collected for centuries with more recently derived backbone phylogenies for sections of the tree of life. Along with providing a quantitative comparative framework for studying diversification at broad scales, MEDUSA can generate new hypotheses and help evaluate causal explanation of radiations. Our study of jawed vertebrates also reveals 2 general patterns, both of which are consistent with a wide range of fossil and comparative data. First, speciation and extinction rates are roughly equivalent at the broadest temporal and taxonomic scales, so that the history of clade diversification is characterized by high turnover. Second, diversification rates vary tremendously among lineages: some of the most species-rich groups in the gnathostomes are amazingly young, whereas other species-poor groups are quite old. Together, these 2 general patterns explain much of the variation in species richness across the vertebrates.
Materials and Methods
Phylogenetic Analyses. Recombination activating gene 1 (RAG1) is a well characterized, long, single copy gene that has been widely sequenced across major vertebrate groups (31) (32) (33) (34) (35) (36) . We downloaded RAG1 sequences from GenBank for 217 gnathostome species (Table S1 ). Most of the tetrapod sequences in our dataset were taken from a recent study of divergence times by Hugall et al. (32) , whereas the actinopterygian and shark data came from a variety of sources. We used Clustal (37) to create an initial alignment based on amino acid sequences, which we subsequently refined by eye. The master alignment revealed that most tetrapods sequences were substantially longer than the available nontetrapod sequences. To maximize overlap between teleosts and tetrapods and minimize the effects of missing data on our analysis, we trimmed the RAG1 alignment to 1,445 sites. We then performed a phylogenetic analysis of the data using BEAST (38) . We constrained the monophyly of 41 clades so that their origin could be time calibrated using the fossil record (SI Text, Table S2 ). Preliminary analysis of this matrix revealed low effective sample sizes even after 50 million generations for many parameters, as well as several polytomies for well recognized taxonomic groups, suggesting that the Markov chain Monte Carlo (MCMC) chain was not adequately sampling from the target posterior distribution. To improve the behavior of the MCMC sampler, we constrained an additional 31 nodes across the tree that were well supported (PP Ն0.90) in the Hugall et al. (32) analysis and/or were widely recognized by standard taxonomical references (see Table S3 ). There were no cases where these additional constraints conflicted with well supported clades in the preliminary results. We assigned fossil calibrations using lognormal priors with hard lower bounds that reflected the minimum age of the fossil in questions and soft upper bounds where the 95% cumulative probability reflected other relevant information from the fossil record (SI Text, Table S2 ). We estimated divergence times under these topological and temporal constraints where each codon position was assigned a separate GTR ϩ I ϩ G model. To ensure that the chain reached stationarity, we performed 4 separate analyses of the data with 100 million generations each and discarded the first 20 million generations as burnin. Visual inspection of traces within and across runs as well as effective sample sizes Ͼ200 for all parameters, performed in Tracer 1.4, suggested our replicate analyses were adequately sampling the target joint distribution. We used the maximum clade credibility tree in our subsequent analysis.
Diversification Analysis. Our timetree of 217 species (Fig. S1 ) captures splitting events in the early history of major vertebrate lineages but provides little resolution within these lineages. However, the taxonomic richness of major vertebrate clades is among the best-characterized of all animal groups because of a long history of intensive study. We analyzed patterns of gnathostome diversification using MEDUSA, a comparative method that integrates phylogenetic information about the timing of splits along the backbone of a tree with taxonomic richness data to estimate rates of speciation and extinction. First, we pruned the 217-taxon timetree down to 47 tips representing major taxonomic divisions among jawed vertebrates. We attempted to resolve taxonomic groups to the lowest level that our 217-taxon tree would allow subject to 2 constraints imposed by the analysis. First, tips had to represent taxonomic groups that were monophyletic and nonnested. Second, the entirety of gnathostome species richness had to be completely partitioned among the represented taxonomic groups. We compiled species richness data from several sources including Nelson's Fishes of the World (39), the TIGR Reptile Database (40) , the Mammal Species of the World database (http:// nmnhgoph.si.edu/msw/), and others (41) (42) (43) (Table S4) .
We used R (44) to perform all diversification analyses using the following libraries: Ape (45), Geiger (46) , and Laser (47) . R code to perform MEDUSA has been added to the Geiger library. To carry out these analyses, we fit BD models to the combined phylogenetic and taxonomic dataset (Fig. 1) using equations from Rabosky (13) . Briefly, this method finds the likelihood of obtaining the particular combination of phylogenetic relationships (the tree with branch lengths) and taxonomic data (ages and species richnesses of extant groups) given particular values of b and d. We then calculate the AIC score for this model using the standard formula AIC ϭ 2k Ϫ 2lnL, where k is the number of parameters needed to describe the model. MEDUSA starts by finding the maximum-likelihood values of b and d. This model is the starting point for the stepwise AIC algorithm.
Next, we fit a series of alternative models of increasing complexity, stopping when the improvement in AIC score is Ͻ4 [the threshold for a significant increase in model fit (16) ]. For example, the first of these models includes a single breakpoint on one branch in the tree. The clade in the tree descended from this branch has its own set of birth and death rates (b1 and d1), whereas the remainder of the tree can potentially have different rates (b2 and d2). In some cases, the selected clade will include subclades with different rates assigned at earlier steps in the algorithm; in these cases, the subclade retains its distinct rates. For each possible branch, we find the maximum-likelihood values for all of the b and d parameters. We then calculate the AIC score, counting one parameter for each independent b and d rate, and one parameter for each branch selected as the location of a breakpoint. For example, a phylogenetic tree with a single breakpoint specifies a 5-parameter model: 2 birth rates, 2 death rates, and 1 branch where a change in rates occurs. We then select the breakpoint that minimizes this score. This represents a candidate for the next model to be kept; if the AIC score for this model is Ն4 units lower than the previous one, which had 2 fewer parameters, it is retained, and the process is continued. Currently, our method assumes that rates change instantaneously at the shift point; alternative models (such as models of correlated change through time) could also be implemented. When the AIC score for the best breakpoint is not less than some threshold number of AIC units smaller than the score for the previous model, the procedure is stopped, and the previous model is retained. We then apply a backwards elimination procedure where breakpoints are individually removed and the resulting model evaluated. If any of these simple models have a lower AIC score than the previous, they are retained, and the procedure repeated. After both the forward selection and backward elimination procedures are complete, one has a single model that identifies the simplest explanation, in terms of BD models with breakpoints, for the pattern of diversification in the clade.
More severe or relaxed AIC thresholds affect the number of rate shifts accepted for the final model and thus the identification of vertebrate clades as exceptional. These are explored in SI Text.
